This study reports the optically swichable photorefractive (PR) effect induced in a biphotonic grating in the presence of an applied dc voltage, in an azo-dye-doped liquid crystal (LC) film. When one green light is switched on (off), the PR grating can be turned on (off) by irradiating an interference field generated by two linearly polarized red lights. Experimental results demonstrate that such a PR effect follows primarily from a biphotonic process, with two mechanisms-the generation of green light-induced space charges by trans-cis isomerization, and the suppression of the formation of space charges by the red light in cis-trans back isomerization. These mechanisms apply to the dark and bright fringes of the red interference field, respectively. A spatially inhomogeneous space-charge field is then established to modulate the orientation of LCs, forming the PR grating in the presence of a dc voltage. Strong coupling of the two red lights is observable and measured dynamically during the formation of the PR grating in this study. 
This study reports the optically swichable photorefractive (PR) effect induced in a biphotonic grating in the presence of an applied dc voltage, in an azo-dye-doped liquid crystal (LC) film. When one green light is switched on (off), the PR grating can be turned on (off) by irradiating an interference field generated by two linearly polarized red lights. Experimental results demonstrate that such a PR effect follows primarily from a biphotonic process, with two mechanisms-the generation of green light-induced space charges by trans-cis isomerization, and the suppression of the formation of space charges by the red light in cis-trans back isomerization. These mechanisms apply to the dark and bright fringes of the red interference field, respectively. A spatially inhomogeneous space-charge field is then established to modulate the orientation of LCs, forming the PR grating in the presence of a dc voltage. Strong coupling of the two red lights is observable and measured dynamically during the formation of the PR grating in this study. Nematic liquid crystals (NLCs) exhibit innate fluidity, high dielectric and conductive anisotropies, and birefringence. They are particularly useful in investigations of photorefractivity. In recent years, scientists have widely exploited NLCs doped with dye or carbon materials in this field. [3] [4] [5] [6] [7] [8] [9] [10] Briefly, two coherent beams cause an interference modulation to excite the dopants and establish a periodic distribution of space charges throughout the liquid crystal (LC) host. When a dc voltage is applied, the subsequent redistribution of the space charges induces a spatially inhomogeneous space-charge field, which changes the orientation of the LC molecules, periodically modulating the nonlocal refractive index in the cell. Such an index modulation leads to the PR effect.
PR effects in NLCs doped with dye or carbon materials have usually been studied using typical holography, in which the two pump beams are mainly blue green. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The biphotonic holography has been realized and developed in azo materials written using red lights. [12] [13] [14] [15] Yet, few researchers had ever studied the PR effect using a biphotonic holography in the past. This report verifies that a PR effect can be observed and studied in a biphotonic grating (BG) in an azodye (D2)-doped LC (ADDLC) system. Lee et al. 15 had studied the BGs, in methyl red (MR)-doped LC films recently. Under the illumination of one linearly polarized green light with the simultaneous irradiation of an interference pattern created by two linearly polarized red lights, the BGs can form. They ascribe to the formation of such local gratings as two mechanisms. One is the green light-induced dye adsorption effect through the trans-cis isomerization; the other the inhibition effect of dye adsorption induced by red light through the cis-trans back isomerization. Azo-dyes are usually in the stable trans-state in the dark. Most of their absorption bands lie in the blue-green region of shorter wavelengths. Excitation with blue-green light transforms the azodyes from trans-to cis-isomers, causing the absorption band to shift to a region with a longer wavelength (red or infrared). [14] [15] [16] Unlike the MR dyes, the azo-dye (D2) used in the present study does not adsorb onto the substrates in its cis-form. A linearly polarized red interference pattern and a linearly polarized green light simultaneously pump the sample, and the PR grating effect appears in the presence of a dc voltage. This experiment also reveals the two-beam coupling (TBC) effect of the two red beams which shows the nonlocal PR effect.
The azo-dye and the LC used in this experiment are D2 and E7, respectively (from Merck). The dyes constitute ϳ1 wt % of the homogeneous D2-E7 mixture. An empty cell is fabricated by combining two n,n-dimethyln-octadecyl-3-aminopropyltrimethoxysilyl chloride-treated glass plates coated with indium-tin oxide. The cell is 25 µm thick. The homogeneous mixture is then injected into the empty cell to form a homeotropically aligned ADDLC film; the alignment is verified using a conoscope. Figure 1 presents the experimental setup used in this work. Two p-polarized (on x-z plane) red lights ͑ R = 632.8 nm͒ from a He-Ne laser, E R1,2 , intersect at an angle of 2 Х 0.73°, establishing an interference field, E R , in the ADDLC sample. They are unfocused and have an equal intensity of I R . The angle ␤ is set to 45°, which is the angle between the bisector of the red lights and the normal to the plane of the sample. One p-polarized green light ͑E G ͒, with an intensity of I G , from a diode-pumped solid-state (DPSS) laser, lasing at 532 nm ͑ G ͒, simultaneously impinges on the red interference area of an ADDLC cell in the presence of a a)
Author to whom correspondence should be addressed; electronic mail: andyfuh@mail.ncku.edu.tw dc voltage ͑V dc ͒. A very weak linearly polarized red light ͑E p ͒ (He-Ne laser) is normally incident on the sample as a probe beam. Figure 2 plots a stable self-diffraction pattern of the redpump beams after the ADDLC sample was stimulated by the green beam ͑E G ͒ with an intensity of 110 mW/ cm 2 for 70 s at V dc = 2.8 V. Notably, no diffraction occurred when V dc = 0 V or the red interference field was s polarized; this absence reveals the PR effect. Figure 3 plots the first-order diffraction efficiency versus the intensity of the green light when I R is 85 mW/ cm 2 . This plot indicates that the maximum diffraction intensity can be obtained at a moderate intensity of I G ϳ 110 mW/ cm 2 . This result is reasonable because an excessively weak or strong blue-green light may result in a weak variation in the distribution of isomers, and, subsequently, shallow variation in the space charges, leading to a poor PR effect. Figures 2 and 3 clearly indicate that the biphotonic process is crucial in generating the PR grating using such biphotonic holography.
Azo-dyes are usually stable as trans-isomers in the dark. 15 Excitation by green light transforms their structures from the trans-to the cis-form, as described above. The absorption spectra of D2 in the ADDLC sample in the dark and when irradiated by one green light with an intensity ϳ150 mW/ cm 2 for 10 min are similar to those of MR reported in Ref. 15 . It indicates that the dyes' absorption band shifts toward the red region when the dyes are excited by green light, and that absorption of red light returns the cisisomers immediately to the trans-isomers. [12] [13] [14] [15] [16] [17] [18] Therefore, a periodic distribution of alternative trans-and cis-isomers can be formed in response to the low-and high-intensity fringes of the red interference pattern. The PR effect in the ADDLC cell is governed by the reversible biphotonic process. The green light-induced trans-cis and red light-induced cis-trans back isomerizations, in the low-and high-intensity regions of the red interference field, respectively, generate an inhomogeneous distribution of space charge. The formed spacecharge field in the presence of an appropriate dc voltage modulates the orientation of LCs to induce the PR effect.
The variation in the first-order diffraction efficiency of the probe beam with the grating spacing ͑⌳͒ is also studied.
The result (not shown) demonstrates that 1 is maximal at ⌳ Х 2d, and is consistent with that reported by Khoo.
5 Notably, a pure E7 sample exhibited no PR effect when the experiment was set up as shown in Fig. 1 . The surface-induced PR-like mechanism that determines the chemical or physical affinity between the LC and the alignment film at the interface (photoelectric interface activation effect) 19 is neglected in this investigation. Because D2 molecules are different from MR molecules, 11,15 they do not adsorb on the substrate surfaces after being excited by green light. The light-excited D2 dyes in the bulk of E7 film generate the nonlocal PR grating.
The value of the Q parameter in this experiment is ϳ0.024, so diffraction occurs in the Raman-Nath regime.
The first-order diffraction efficiency of the probe beam, 1 , is defined as, 1 = ͑I 1 / I 0 ͒ ϫ 100%, where I 0 and I 1 are the intensities of the incident probe beam and the first-order diffraction beam, respectively. The obtained 1 is 12% when V dc = 2.8 V, I R =85 mW/cm 2 , and I G = 110 mW/ cm 2 . Substituting the obtained values into the formula for the first-order diffraction efficiency, 1 ϳ͑d⌬n / p ͒ 2 , yields the grating amplitude ⌬n as ϳ0.0028, in which p = 632.8 nm and d =25 m. The optical Kerr constant n 2 of the grating can be determined by substituting ⌬n ϳ 0.0028 and I G ϳ 110 mW/ cm 2 into the equation, ⌬n = n 2 I G , yielding n 2 ϳ 2.5ϫ 10 −2 cm 2 / W. The values of ⌬n and n 2 are an order of magnitude greater than those reported in Ref. 4 The dynamic coupling of the two red beams during the formation of the PR effect is further examined. Figure 4 presents the results. A dc voltage of 2.5 V is applied at t = 10 s, and the first-order diffraction of the probe beam is on as the green light is applied ͑t ϳ 45 s͒, and it increases with time. Simultaneously, the TBC occurs. The energy of beam 1 is clearly transferred to beam 2. At t ϳ 100 s, the TBC and the probe diffraction are both in steady states. Both the grating and TBC effects are turned off when the green light is off at ϳ260 s. Such an optically controllable PR effect may be useful in optical switching applications. According to TBC theory, the intensities of the writing beams can be expressed as a function of the depth (z axis) of the sample:
where m 0 represents I 1 ͑0͒ / I 2 ͑0͒ (m 0 = 1 in this experiment); ␥d is the coupling strength and equals 2d͑⌬n sin cos͒; d is the thickness of the sample; is the phase shift between the grating and the interference field, and ␣ is the bulk absorption coefficient. Notably, Eqs.
(1) and (2) have been derived for essentially volume phase gratings, from which Bragg diffraction dominates. Hence, these equations can be used here as the basis of a qualitative discussion, since the experiment involves a thin phase grating (Raman-Nath diffraction). Normally, photorefractivity in nematic LCs gives a phase shift of ϳ /2. 4 Under the given conditions ( = /2, = 633 nm, 2 = 0.73°) and the obtained ⌬n͑ϳ2.8 ϫ 10 −3 ͒, ␥ is calculated to be ϳ277.8 cm −1 , which exceeds that obtained for the PR grating using a C60-doped LC system. 5 In summary, a PR grating can be formed by simultaneously irradiating an ADDLC sample with a red interference field and one green light in the presence of an applied dc voltage. The green light-induced trans-cis isomerization and the red light-induced cis-trans back isomerization in the dark and bright regions, respectively, of the red interference pattern generate an inhomogeneity of space charge. In presence of a suitable applied dc voltage, a space-charge field is formed, and leads to the PR effect. The observation of strong TBC of the writing red beams supports the PR grating effect. Optical controllability of the biphotonic PR grating by one green light offers a PR application.
